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Auxin signalling: Protein stability as a versatile control target
Ottoline Leyser
Two components of an auxin signalling pathway in
Arabidopsis have been found to be homologous to
budding yeast enzymes that are known to be involved
in regulating the stability of key cell-cycle regulatory
proteins, such as the cyclin-dependent kinase
inhibitor Sic1p.
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The plant hormone auxin is central to the regulation of
plant growth and development. Addition of exogenous
auxin can affect rates of cell division and cell elongation,
and can trigger specific differentiation events. Although the
chemical structure of auxin has been known for more than
50 years, its mechanism of action has remained obscure. In
an effort to identify genes involved in auxin signal trans-
duction, a collection of auxin-related mutants have been
isolated and characterised using the model plant Arabidop-
sis [1]. Phenotypic analysis of one of these mutants, called
auxin resistant 1 (axr1), demonstrated that the AXR1 gene is
required for an early step in auxin signalling [2,3]. 
When AXR1 was cloned, however, far from clarifying the
situation, the sequence of the protein it encodes only
added to the mystery surrounding the molecular basis of
auxin action. AXR1 turns out to be homologous to the
amino-terminal half of the ubiquitin-activating enzyme E1
[4]. E1 is involved in the conjugation of ubiquitin to pro-
teins that are thereby targeted for degradation. Activation
of ubiquitin occurs through the formation of a high energy
thiol-ester linkage to a cysteine residue in the carboxy-
terminal half of E1. The ubiquitin is then passed to one of
a family of ubiquitin-conjugating enzymes (E2s), and from
there to target proteins, often requiring catalysis by one of
a family of ubiquitin–protein ligases (E3s). AXR1 is only
half the length of E1, and cannot have E1 activity as it
lacks the cysteine residue required for ubiquitin conjuga-
tion. The homology between AXR1 and E1 is striking, but
until recently its significance was totally mysterious.
AXR1-related yeast genes function in cell-cycle control
At the time AXR1 was cloned, there were no similar
sequences in the databases other than that of ubiquitin-
activating enzyme. But the complete sequencing of the
genome of the budding yeast, Saccharomyces cerevisiae,
revealed two genes that are similar to AXR1. One of these,
named E1 N-TERMINUS RELATED 2 (ENR2) has
recently been shown to be involved in the conjugation of
the ubiquitin-like protein Rub1p to Cdc53p [5]. Enr2p is
thought to act in conjunction with a protein homologous to
the carboxy-terminal half of E1, forming a heterodimer
equivalent to a single E1 monomer [5].
The target for Rub1p conjugation, Cdc53p, is one of three
subunits of an E3 involved in the ubiquitination of the
cyclin-dependent kinase inhibitor Sic1p [5]. Ubiquitina-
tion of Sic1p targets it for degradation, allowing cell-cycle
progression from G1 to S phase. The conjugation of
Rub1p to Cdc53p appears to stabilise its association with
the other E3 subunits, Skp1p and an F box protein called
Cdc4p. Without Enr2p, and hence Rub1p conjugation,
cells become highly sensitive to the levels of both Cdc53p
and Cdc4p. Furthermore, the cells show increased sensi-
tivity to the levels of the E2 enzyme, Cdc34p, involved in
Sic1p ubiquitination. The Rub1p conjugation pathway is
thus required for efficient ubiquitination of Sic1p, and
converges with the ubiquitination pathway at Cdc53p.
This is clearly an exciting development in yeast biology
and there is good evidence for similar pathways in
mammals, but how does it relate to auxin signalling? It is
tempting to speculate that the AXR1 protein functions in
a similar way to Enr2p, and this hypothesis has recently
been considerably strengthened by the characterisation of
a new auxin signalling mutant called tir1 [6]. 
An F box protein required for auxin signalling
The TIR1 locus of Arabidopsis is defined by five semi-
dominant mutations that confer resistance to auxin in a
variety of assays [6]. There are a number of similarities
between the tir1 and axr1 mutant phenotypes, and in
double-mutant analyses the mutations interact synergisti-
cally [6]. This suggests that the AXR1 and TIR1 proteins
act in overlapping pathways. One of the five tir1 alleles
was induced by insertion of the transferred T-DNA from
the Ti plasmid of Agrobacterium tumefaciens. The T-DNA
was used as a tag to clone the TIR1 gene, and sequence
analysis revealed that TIR1 is an F box protein similar to
those, such as Cdc4p, found in ubiquitin–protein ligase E3
complexes in yeast [6]. The synergistic interaction of the
axr1 and tir1 mutations is thus analogous to the sensitivity
of enr2 mutants to Cdc4p levels. These findings strongly
suggest that a network similar to the Sic1p ubiquitination
system operates in auxin signalling in plants (Figure 1).
Signal integration by the control of protein stability
A striking feature of F box protein-mediated ubiquitina-
tion in yeast is that the ubiquitination targets are involved
in a wide range of key regulatory events in the cell, includ-
ing DNA replication and cell-cycle progression. These
proteins appear to be ubiquitin targets only when they are
phosphorylated as a result of other cellular or environmen-
tal events [7]. The Gordian knot of auxin biology has long
been the complexity and diversity of cellular responses to
auxin. Different cell types respond in completely different
ways. Perhaps the solution to the puzzle is that auxin acts
to regulate the stability of a wide range of proteins that
only become targets for degradation in response to other
cellular and environmental factors. Pathways of this nature
may be widely distributed in plants. Both TIR1 and AXR1
are members of gene families, and one TIR1 family
member, COI1, is required for signalling by another plant
hormone, jasmonic acid [6].
Candidates for auxin-regulated destruction
What then could be the targets of auxin-regulated protein
stability? Candidates include the product of the SAR1
gene [8]. Mutations at SAR1 confer a variety of pheno-
types, such as early flowering and uneven internode elon-
gation. The sar1 mutations are epistatic to axr1 and
suppress the axr1 phenotype. These genetic interactions
could be explained if SAR1 is a major target for AXR1-
dependent ubiquitination. Other candidate targets are the
AUX/IAA proteins. These were first identified because
the transcription of AUX/IAA genes is rapidly induced by
auxin. AUX/IAA proteins are thought to act as transcrip-
tional regulators, mediating downstream auxin responses
[3,9]. They have been shown to be extremely unstable
with half-lives of only a few minutes. It is possible that the
instability of these proteins is auxin-mediated and forms
part of a feedback loop leading to their rapid removal after
auxin induction. 
The site of auxin perception
One of the biggest questions left unanswered by the new
model is “where is the site of auxin perception?” An
interesting line of speculation can be drawn by comparison
to the mechanism of glucose sensing in yeast. Cell-cycle
progression and the expression of genes encoding glucose
transporters is strictly linked to nutrient availability. Nutri-
ent sensing requires both Skp1p and an F box protein
called Grr1p. The presence of glucose appears to enhance
the association of Skp1p and Grr1p, and it has been sug-
gested that this could be the mechanism of glucose
sensing [7]. By analogy, it may be that auxin acts to
promote the association of TIR1 and a Skp1p homologue. 
If true, this comparison has interesting evolutionary
implications. A striking feature of plant hormones is their
close biochemical relationship to major metabolites. Auxin
is structurally similar to tryptophan, and it may be that
auxin signalling evolved from an amino-acid sensing
mechanism. In this context, a comparison between yeast
glucose sensing and plant auxin sensing may be particu-
larly appropriate, as plant growth is frequently limited by
nitrogen rather than by carbon.
Candidates for additional components of the pathway
Two players do not make a football team, so the obvious
next step is to find the plant homologues of Rub1p, the
carboxy-terminal half of E1, E2, Cdc53p and Skp1p, the
existence of which is predicted by the model. Arabidopsis
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Figure 1
A model for the regulation of protein stability
by auxin, by analogy to known signalling
pathways in budding yeast. Specific examples
of the different protein classes described in
the text are shown in the relevant places.
Identified plant components are highlighted
in green; known yeast proteins are highlighted
in pink.
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genes encoding proteins similar to Rub1p and the
carboxy-terminal half of E1 have already been identified.
The Rub1p-like protein can be conjugated to the E1
carboxy-terminus-related protein when expressed in vitro
with the AXR1 protein (M. Estelle personal communica-
tion). Furthermore, a gene for another component of the
pathway may already be mutationally defined, namely the
AXR4 gene. Mutations at AXR4 result in root phenotypes
qualitatively similar to, but quantitatively weaker than,
those conferred by loss of AXR1 function [10]. The axr1
and axr4 mutations interact synergistically when com-
bined in double-mutant experiments. This suggests that
AXR4 may act in an overlapping pathway to AXR1. Yeast
two-hybrid experiments are currently under way to iden-
tify TIR1-interacting proteins, with the prediction that
Skp1p and Cdc53p homologues may be isolated in this
way. It is tremendously exciting to have at last such a
promising and detailed model to test.
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